The capillary filling speed of wetting liquids of varying viscosity and surface tension in hydrophilic nanochannels with an elastic capping layer has been analyzed. The channels, with a height just below 80 nm, are suspended by a thin flexible membrane that easily deforms due to the negative pressure which develops behind the moving meniscus. In the elastocapillary filling of the channels, two opposite effects compete: the decreased cross channel sections increase the flow resistance, while the Laplace pressure that acts as the driving force becomes more negative due to the increased meniscus curvature. Although the meniscus position shows a square root of time behavior as described by the Washburn relation, the net result of the induced bending of the membranes is a definite increase of the filling speed. We propose a relatively straightforward model for this elastocapillary process and present experimental results of the filling speed of ethanol, water, cyclohexane, and acetone that are found to be in good agreement with the presented model, for membrane deflections of up to 80% of the original channel height.
I. INTRODUCTION
Nanochannels are defined as channels having at least one dimension on the order of 100 nm or smaller. [1] [2] [3] [4] [5] [6] Due to the small dimensions, capillary action is very prominent in such channels and can lead to a negative absolute pressure. 7, 8 The concept of capillary negative pressure is well appreciated in the field of geochemistry, 7 while deformable planar nanochannels offer a unique way for direct measurement of the negative pressures. 8 Sobolev et al. 9 measured the capillary pressure of water in quartz capillaries with radii ranging from 200 down to 40 nm, and showed that on the 100 nm length scale the Young-Laplace equation is still valid. Capillary filling experiments have been done on a larger scale ͑around 3 m channel height͒, 10 revealing that the filling speed can qualitatively be described by the Washburn model. 11 The capillary filling speed in one-dimensional nanochannels with a height down to 50 nm was studied by Tas et al. 12 who found that the apparent viscosity of polar liquid with low ionic concentration such as de-ionized water in nanoconfinement is higher than its bulk value causing a lower than expected filling speed. This effect has been attributed to the electroviscous effect. Before this study, Churaev et al. 13 and Hibara et al. 14 suggested an essential difference of the viscosity on the nanoscale with respect to the bulk value. The filling kinetics of channels with even smaller cross section was also investigated, where Han et al. 15 studied capillaries with diameters down to 27 nm. The smallest nanochannels studied had heights down to 5 nm, recently fabricated by Haneveld, 16 who found a slightly increased viscosity in channels of 10 nm.
In the present study, silicon micromachining incorporating a thin membrane transfer technique to encapsulate trenches is used to create hydrophylic nanochannels. Such a thin deformable capping layer is a perfect candidate to characterize the elastocapillary effects related to the induced negative pressure in the fluid.
The capillary-driven coalescence of flexible structures, as it was observed in the tarsi of insects 17 and in biomimetic adhesives 18 is a prominent adhesion process that can have damaging effects in microelectromechanical structures [19] [20] [21] [22] [23] [24] or carbon nanotubes, [24] [25] [26] but can also appear useful, in the assembly of small structures such as nanochannels 5 and other micro-and nanofabrication technologies, or, as suggested very lately, be used to produce three dimensional structures through the wrapping of a liquid droplet by an elastic sheet. 27 Elastocapillarity has only recently become a subject of specific investigation, especially in the context of the elastocapillary interaction between two long flexible sheets with a surface-tension-driven rise of a liquid in between, by Kim and Mahadevan 28 and the elastocapillary coalescence in wet hair. 29 These studies report on the sticking of two closely spaced lamellae 29 or sheets 28 placed vertically in a bath of wetting liquid where capillary suction bends the flexible structures and the liquid in between rises. However, these authors analyze the static equilibrium of elastocapillarity, when there is a balance between capillarity and elasticity, for length scales on the order of the Jurin length l J =2␥ / gr ͑with ␥ and the liquid's surface tension and density, respectively, and r the capillary radius͒ and where gravity plays a role. In this paper we concentrate on the time development of the phenomenon, in particular on the nanoscale, where gravity effects can be neglected. The capillary filling we observe results from the mutual interaction between the elastic deformation of the channels and the pressure distribution of the moving fluid. In this process two different effects related to the channel deformation compete: the decreased cross sections of the channel increase the flow resistance, while the Laplace pressure, acting as the driving force, becomes more a͒ negative as a result of the increased meniscus curvature. In this paper we show that the filling behavior follows the classical diffusive-type x ϳ t 1/2 law, but that the net effect of these two opposite effects is an increase of the filling velocity compared with that in an undeformed rectangular channel.
In Sec. II is shortly described the fabrication of the hydrophylic nanochannels that are used for the investigation of the filling behavior. In Sec. III a model is presented for the capillary filling in these channels where the membranes bend downward due to the induced negative pressure. The results are compared with the classical Washburn law for filling in undeformable channels. Section IV presents the results of the filling experiments and relates these to the model. It shows that the experimental measurements are in good agreement with the model predictions.
II. FABRICATION
We created arrays of hydrophilic channels of different widths in the micrometer range and height of about 80 nm with a capping layer consisting of a laminate of SiN and SiO 2 . Access holes connecting the nanochannels for fluid supply via micrometer size liquid reservoirs are included. A set of two wafers were combined, the first comprising the nanotrenches and the connecting microtrenches, the second one containing the thin membrane. The two wafers are conjointed by fusion bonding after which the second wafer is completely removed, leaving out only the membrane with the access holes on top of the first wafer ͑see Fig. 1͒ .
More in detail, a layer of silicon oxide ͑79 nm͒ was grown on top of a ͗100͘ silicon wafer by dry oxidation. The thickness of this silicon oxide spacer layer determines the thickness of the nanochannels and can be precisely controlled by adjusting the oxidation time. Standard photolithography and 1% HF etching were carried out to transfer the nanochannel pattern. A second photolithography process has been performed to define the supplying microchannels that were subsequently etched by cryogenic plasma. In this step rulers were etched next to nanochannels to be able to measure accurately the position of the moving meniscus ͑see Fig.  2͒ . The second wafer is processed as follows: a 79 nm thick SiO 2 layer was thermally grown. Subsequently, a stoichiometric ͑high stress͒ silicon nitride layer of 97 nm thickness was deposited onto the oxidized substrate by low pressure chemical vapor deposition ͑LPCVD͒. Access holes for the liquid were patterned on top of the thin film via reactive ion etching ͑RIE͒. Before bonding, both wafers were cleaned, first by using a wet chemical HNO 3 solution, next in H 2 O 2 /H 2 SO 4 ͑in 1:3; "piranha"͒, to assure a hydrophilic surface. The piranha solution should be handled with care as it may result in explosion or skin burn if handled incorrectly. In the prebonding "bottom to top alignment" was performed with the Mask Aligner EVG 620. The wafer pair was annealed into a furnace ͑N 2 ͒ at 1100°C for 2 h. Finally, the sacrificial silicon wafer was removed by RIE.
The channel height was measured by means of an ellipsometry measurement of the silicon oxide spacer layer using a Plasmos SD 2002 ellipsometer. The error in the height measurement is estimated to be 3 nm, as a result of the variation in the thickness of the silicon oxide layer on the wafer surface and the precision of the instrument.
III. MODELING
The filling speed of a liquid in an undeformable capillary can be described by the Washburn model. 10 Washburn considers the capillary pressure due to surface wetting of the inner channel walls as the driving force for liquid transport. This force originates from the pressure drop across the front meniscus, for which the Young-Laplace equation holds. 11 For a flat hydrophilic channel of rectangular cross section ͑con- stant height h 0 and width w͒ with a meniscus having a contact angle with the channel walls, the Laplace pressure becomes
where p L = p liq − p vap is the ͑Laplace͒ pressure difference between the liquid side p liq and the vapor side p vap of the meniscus, and ␥ is the surface tension of the liquid in air. 30 If the flow in the channel is fully developed and laminar, the supply of liquid to the moving front can be modeled by a hydraulic resistance, increasing proportional to the length of the liquid plug.
12,31 For a rectangular channel of height h and width w ӷ h, the averaged velocity v at position x can be calculated as
with p the local pressure in the fluid and the dynamic viscosity. Writing the pressure drop dp / dx along the fluid column of length x as p L / x, substituting this in Eq. ͑1͒ and subsequently integration, gives the extended equation of Washburn, which shows the position of the moving meniscus x as a function of time t,
with a w the Washburn constant. In the case of an elastic capillary, the negative pressure in the liquid deforms the channel geometry and the cross section of the channel depends on x. Let us assume that the pressure is constant along the channel width, in the y direction. Moreover, the length of the channel is much larger than the channel width, so that the curvatures in the x direction are much smaller than the curvatures along y. Then the x and y directions are actually decoupled and the deflection along the y axis due to the uniform load at given point x obeys for a cross section of intrinsic stress S and flexural rigidity D ͑per unit length͒,
where hЈ stands for ‫ץ‬h / ‫ץ‬y and p͑x͒ = p liq − p air is the pressure difference between the local pressure inside the fluid and the pressure outside, i.e., across the flexible membrane. With the appropriate boundary conditions this equation is easily solved for h. 33, 34 We find a maximum deflection at y = 0 proportional to the applied load, with a proportionality constant ␣ depending on material properties and the shape of the deflection curve.
33,34 Therefore, the local height of the channel can be written as
with h 0 the height of the channel at the beginning, at x =0. With Q the total volume flow, the fluid velocity v͑x͒ for a channel of height h and width w can be expressed as
We can substitute this in Eq. ͑2͒ and express the local pressure gradient dp / dx as ͉͑1/␣͒‫ץ‬h / ‫ץ‬x͉ y=0 to obtain a differential equation for h͑x͒. Taking the y dependence of the height h into account and assuming that the flow remains fully developed everywhere along the channel, the equation for h becomes ‫ץ‬h͑x,y͒ ‫ץ‬x
.
͑7͒
The pressure along the channel width w is constant. Since the deflections are small with respect to w, the height h along the y direction can be expanded in y. The bending profile h͑x , y͒ is symmetric in y and the approximation up to lowest order in y becomes therefore ͑with h = h 0 at the points y = ±w /2͒,
with the normalized variables
in which h͑x͒ represents the channel height at y =0 ͑see Fig.  3͒ . Substitution in Eq. ͑7͒ gives, after performing the integration over y only,
which can be integrated over x to give an implicit relation between h͑x͒ and x. Applying the boundary condition that h͑x͒ = h 0 at x = 0, this relation becomes
͑11͒
To find the velocity of the meniscus at location x m , we have to substitute for h͑x͒ in Eq. ͑11͒ the minimum height of the channel, h m = h͑x m ͒. The height of the channel where the deflection is largest, h m , is seen to be situated just behind the front meniscus, due to the fact that at the meniscus at the very front of the fluid column, the pressure forces act only on approximately one half of the membrane area. We make therefore the approximation that the deflection of the membrane at the meniscus, is one half the deflection at the height h m ͑Ref. 35͒
The height of the channel at the front meniscus, h f , can then be found by combination of the expression for the pressure ͓Eq. ͑1͔͒ and that for h͑x͒ ͓Eq. ͑5͔͒, yielding Let us analyze the value of a m that we defined as the modified Washburn coefficient ͓Eqs. ͑14͒ and ͑15͔͒, in comparison to a w , the proportionality constant as defined in Eq. ͑3͒. If the bending effects are small, so that ͑h 0 − h m ͒ / h 0 Ӷ 1, and if we assume further that w ӷ h 0 , we can make a firstorder approximation in ␣ for the modified Washburn coefficient and write Eq. ͑15͒ as a m = a w ͑1 + ͒, ͑16a͒
We see that, for an infinitely stiff membrane ͑␣ → 0;h m → h 0 ͒, approaches zero and we find the original Washburn coefficient again.
For large deflections, however, the value of a m deviates considerably from a w . Of special interest is the situation when the height h m decreases to zero-when the membrane almost touches the bottom of the channel. Calculating the corresponding value for ␣ by setting h m = 0 in Eqs. ͑12͒ and ͑13͒, and substituting this value for ␣ in Eq. ͑15͒, gives for the modified Washburn Assuming h 0 / w Ӷ 1, it is seen that a m,c Ϸ 1.29a w . Just before the upper membrane bends so much down that it touches the bottom ͑h m → 0͒, the modified Washburn coefficient is about 29% larger than the original Washburn coefficient. Qualitatively, the membrane bending due to the induced negative pressure in the liquid does not alter the square root of time dependence of x͑t͒, but quantitatively, the filling speed is up to 29% higher than in an undeformed channel.
The smaller channel height h f at the front end of the fluid column implies a larger pressure drop across the meniscus, thereby increasing the filling speed. Conversely, the hydraulic resistance along the channel is increased due to the lower height, which has a negative influence on the velocity. For small deflections ͑small ␣͒ the latter effect dominates and the velocity is slightly lower than the normal Washburn speed; this is illustrated by the fact that is negative. For large deflections, an increased filling speed results.
IV. EXPERIMENTS
To investigate these effects we performed filling experiments on the channels of different widths that were fabricated as described previously. The wider channels will have a lower mechanical stiffness, corresponding to a higher ␣ ͓Eq. ͑5͔͒, so that the capping layer will bend more. On the other hand, the pressure drop due to the horizontal curvature decreases with increasing width. The value of ␣ as calculated from the mechanical model 33 ͑␣ ϳ f͑w͒w 4 ͒ shows that ␣ strongly increases with the width. Using this expression, the constant a m was calculated for given channel height and fluid properties as a function of the channel width.
In the experiments, we investigated the filling of different liquids, water, ethanol, cyclohexane, and acetone, in channel arrays. A channel array consists of 17 parallel channels and has a length of about 10 mm. The individual channels in an array have a height of 79 nm and a width varying from 2.5 to 10.6 m. The experiments were performed under constant temperature, measured to be 21.2± 0.5°C. To measure the position of the meniscus as a function of time, a droplet of liquid was introduced into the access holes by pipetting so that the array of nanochannels could fill by capillary action. As the channels filled, we were able to observe a change in contrast and color due to the difference between the refractive index of liquid and the refractive index of the air in the vacant channels. Each filling experiment was performed in a fresh channel to avoid any contamination. The channels were observed under an upright microscope ͑Leica LM/DM͒ in bright field mode. Mitutoyo 20ϫ objective numerical aperture ͑NA͒ = 0.28 was used. The filling process was recorded by video imaging with a frame rate of 25 images/ s, and the position of the meniscus as a function of time was measured by means of frame by frame analysis of the recorded videos. We concentrated on the first 40 s of these videos, corresponding to a fluid column length in the order of several millimeters, during which a sufficient fluid supply was ascertained. Figure 4 shows a typical still image from the video capture of the filling of nanochannels. Analysis of the position x as a function of t 1/2 showed a quite good linear relation, see Fig. 5 for some representative curves, so that the slope a of x vs t 1/2 could be determined accurately. In Fig. 6 the thus determined slope a for the filling process in channels of different widths is depicted. Four different liquids are reported. Also plotted are the theoretic curves of a m according to Eq. ͑15͒ as a function of the channel width. In calculating the value of a m for the four liquids, we inserted the dynamic contact angle d , that was zero for ethanol, acetone, and cyclohexane because of the complete wetting of these liquids, and a value d Ͻ 5°for water on SiO 2 and d = 12°for water on SiN, as was measured using the Krüss contact angle measurement system G 10, and the data processed with the program DROP SHAPE ANALYSIS 1.51. The good linear fit with the x ϳ t 1/2 scaling law in Fig. 5 implied that the dynamic contact angle remained independent from velocity for the time scale of the experiments. This velocity independence of the contact angle is in correspondence with results obtained by Sobolev et al. 9 The curves in Fig. 6 show clearly the deviation of a m from the normal Washburn coefficient a w at relatively large channel widths, due to the larger deflections of the membrane for the wider channels.
We see in Fig. 6͑c͒ ͑for water͒ that for channel widths above approximately 8 m the experimental results lie below the theoretical curve. This deviation can be attributed to the fact that the membranes of those channels that are close to complete collapse, incidentally stick to the bottom of the channels. The incidental complete collapses reduce the effective filling speed and the model loses its validity in these cases. The channel width at which complete collapse occurs is the smallest for water, since this liquid has the highest surface tension of the four investigated liquids.
For small channel widths, corresponding to small membrane deflections, the experimentally determined value of a m agrees well with the theoretic curve and cannot be distinguished, within the experimental error, from the normal Washburn coefficient a w . As analyzed by Ransohoff and Radke, 36 Dong and Chatzis, 37 and Weislogel and Lichter, 38 the wetting liquid in front of the meniscus will imbibe in the corners of the square capillary channel and therefore our results imply also that this corner flow has no measurable influence on the velocity of the main meniscus. Analysis of the video images of the filling on a small time resolution of 0.04 s shows that the wider channels exhibit a typical filling behavior-the fluid fills irregularly by starts and stops. This unsteady filling is observed for channels that are close to complete collapse, with a width that is larger than 6 -8 m, depending on the precise fluid parameters. The exact nature of this phenomenon is currently under investigation and out of the scope of the present paper. On the longer time scale of several seconds, these irregularities are averaged out, as 
which is, for h 0 / w Ӷ 1, a m 2 Ϸ 1.10a w 2 , or a m Ϸ 1.05a w . At this value of ␣, the corresponding width can be calculated for the four different liquids and the filling behavior analyzed. We can thus obtain the value of a m as a function of the relevant parameter in this case, ␥ / , the capillary velocity. The result is shown in Fig. 8 , where the drawn line depicts the curve of a m 2 according to Eq. ͑18͒, and the dotted line the square of the normal Washburn coefficient a w 2 . A good agreement is seen between the experimentally determined filling speeds for these liquids and the values following from the model.
V. CONCLUSIONS
In this paper we studied the filling kinetics of nanochannels with varying cross sections due to the deforming capping layers and found that the filling speed of all investigated liquids in the nanochannels is significantly altered by the deformation of the thin channel membranes. It is observed that the filling behavior still follows qualitatively the x ϳ t 1/2 scaling law. This is to some extent remarkable, since two different effects related to the channnel deformation compete: on the one hand the flow resistance increases drastically due to the smaller cross section, whereas on the other hand the Laplace pressure becomes more negative as a consequence of the increased meniscus curvature.
A model describing this dynamic elastocapillary effect was presented. Measurements on the filling speed of four liquids of varying viscosity and surface tension in channels of varying widths and therefore with different membrane deflections permitted the verification of the model. For extreme bending of the capping layers, down to the channel bottom, an increase of the filling speed by 29% compared with the conventional Washburn speed for undeformed rectangular channels is theoretically predicted. For deflections of the flexible membranes of up to approximately 0.8 times the original channel height, the proposed model could be experimentally verified and is seen to describe accurately the experimental results both qualitatively and quantitatively.
